Microwave/radiofrequency-infr'ired multiple resonance has been used with an electric-resonance optothermal spectrometer to characterize a weak 21.6 MHz perturbation in the infrared spectrum of the "14 C-O stretching vibration of 2-fluoroethanol.
Introduction
The study of the vibrational dynamics of molecules by highresolution spectroscopy falls into one of two regimes.
In regions of low total vibrational state density the vibrational couplings involve only a few states. In this regime traditional spectroscopic techniques are used to deperturb and assign vibrational state labels. In addition, determination of the coupling strengths between vibrational modes provide detailed mechanistic information about the dynamics.
In the limit of large vibrational state density, the spectrum is too complicated to deperturb. Therefore, phenomenological models [1] [2] [3] are used to obtain dynamical information.
In the high-density-of-states regime (> 100 states/cm" 1 ) the spectrum is interpreted in terms of intramolecular vibrational energy redistribution (IVR) . Spectral analysis provides the time scale of energy localization in the initially excited vibration.
One common feature of spectra in regions of modest state density (< 10 states/cm") is the appearance of isolated perturbations which appear at only a few sequential rotational angular momentum (J) states and are usually weak in magnitude.
The rapid tuning in and out of resonance of these interactions often results in a single perturbed rotational state, making it difficult to determine the identity of the perturbing state or the coupling matrix element responsible for the interaction.
These weak perturbations are typically neglected in the analysis of infrared spectra since the single-photon absorption spectrum provides little information about these interactions.
Here, we
show that microwave-infrared multiple-resonance spectroscopy can be used to perform rotational spectroscopy in the perturbing state, thereby providing rotational assignments and spectroscopic constants for the dark state. An understanding of the very nearresonant weak interactions at low energies is important for interpreting spectra at higher energies where the total vibrational state density often results in numerous couplings.
Here, we report the analysis of the V14 C-O stretching fundamental vibration of 2-fluoroethanol near 1089 cm"'. We have studied a number of molecules in the 900 -1800 cm'I region and find that the presence of isolated perturbations is frequent even at these low energies. Working in regions of low state density makes deperturbation easier for two reasons. First, when the state density is low, it is typically possible to treat the perturbation using a 2 x 2 interaction matrix. Also, with these isolated resonance interaction with a third resonance state is unlikely. Thus, the rotational constants of the perturbing state conformer. Alternative explanations for this stability include a bond-dipole bond-dipole attraction between the OH and CF bonds (4, 5] , the "gauche" effect (6, 7] , and a three-center exchange interaction (8] .
Matrix-isolation experiments [8] [9] [10] [11] [12] have shown that Gg' 2-fluoroethanol interconverts to the Tt conformer when the hydride stretching mode is irradiated by infrared light. The details of conformational isomerization at the state-specific level are still unknown despite the large effort devoted to investigating conformational isomerization in rare-gas matrices (13] . Moreover, the relationship between the matrix and the isolated molecule results is not clear because torsional (i.e.
isomerization mode) frequencies change dramatically in a matrix.
In the gas phase, excitation of the asymmetric C-H stretch of 2-fluoroethanol [14] does not show conclusive evidence for coupling to other conformers. Evidence for conformation coupling in the gas phase is difficult to obtain since the geometries and thus the rotational constants of the conformers can differ dramatically. Accordingly, interactions between conformers will only be resonant over a small range of rotational states and are likely to appear as isolated perturbations in the spectrum. By using microwave/radiofrequency-infrared multipleresonance spectroscopy to measure the rotational spectrum of the dark state, the rotational constants can be determined and the structure of the dark state inferred.
Experimental
The molecular-beam apparatus has been described previously The ground state constants are given in Table II. In the infrared analysis, eight constants were determined in a fit of 52 transition, accessing 35 different upper states including K-0 to 3, and J = 0 to 9. The constants for the v,4
band are presented in Table II . In these experiments, the weak perturbation is used as a point-of-entry into the dark-state rotational manifold. All that is initially known about the rotational identity of the perturbing state is that J = 4. Note that symmetry does not place any constraint on the K. or Kc quantum numbers.
Assigning the perturbing-state rotational spectrum allows An example of a double-resonance measurement within the dark state is shown in Fig. 2A . Here, the infrared laser is tuned to one of the perturbed transitions and the change in the signal strength is monitored as the microwave frequency is scanned. In Table III the rotational constants for the five energetically distinct conformers are given. These constants are calculated using the structural parameters of the Gg' groundstate conformer determined from the previous microwave study [4] . In Table IV Of the states listed in Table IV , the most likely assignment of the perturber is to the state containing four quanta in the C-C torsion (L, 2 1 ) and 1 quantum of the CCO bending vibration at 516 cm"1 (via). The dark-state rotational constants are also in accord with expected constants based on the rotational constant of the V2, fundamental, known from hot-band microwave spectra [4] .
In Table IV 
giving, 1413(b)> = sina 1 143+> + cosa, 1 41+> (12) 14 31 
where sina 1 = -0.04137, sina 2 = -0.03463, cosa, = 0.99914, and cosa 2 = 0.99940 are known from the diagonalization of the Watson rotational Hamiltonians using the constants of Table II .
We can use the above rotational wavefunctions to express 
If the anharmonic interaction is small compared to the energy separation between the two states we can further assume that the MHz coupling, is a common occurrence in spectra at higher state density.
Conclusions
We Table  II . a Harmonic estimates of the band origins based on gas phase absorption frequencies.
The v 2 1 vibrational ladder has been corrected for anharmonicity.
Estimates of the change in rotational constants due to excitation of v 2 1 (see text). The spectrum was recorded with the CO 2 laser stabilized on the R(38) transition of the 9 gm band of CO 2 . The microwave frequency synthesizer was stepped from 17500 to 17600 MHz in 500 kHz steps using a time constant of 125 ms. Microwave/radiofrequency-infrared multiple resonance spectroscopy identifies the rotational quantum numbers of the perturbing state as 431. The predicted position of the unperturbed 4,3 bright state is shown by the arrow. The measurement of the asymmetry splitting of the 532 and 533 levels of the dark state are also made using three photons.
